We recently reported that a combination of dietary grape polyphenols resveratrol, quercetin, and catechin (RQC), at low concentrations, was effective at inhibiting metastatic cancer progression. Herein, we investigate the molecular mechanisms of RQC in breast cancer and explore the potential of RQC as a potentiation agent for the epidermal growth factor receptor (EGFR) therapeutic gefitinib. Our in vitro experiments showed RQC induced apoptosis in gefitinibresistant breast cancer cells via regulation of a myriad of pro-apoptotic proteins. Since the Akt/ mammalian target of rapamycin (mTOR) signaling pathway is often elevated during development of anti-EGFR therapy resistance, the effect of RQC on the mTOR upstream effector Akt and the negative regulator AMP kinase (AMPK) was investigated. RQC was found to reduce Akt activity, induce the activation of AMPK and inhibit mTOR signaling in breast cancer cells. Combined RQC and gefitinib decreased gefitinib resistant breast cancer cell viability to a greater extent than RQC or gefitinib alone. Moreover, RQC inhibited Akt and mTOR, and activated AMPK even in the presence of gefitinib. Our in vivo experiments showed combined RQC and gefitinib was more effective than the individual treatments at inhibiting mammary tumor growth and metastasis in nude mice. Therefore, RQC treatment inhibits breast cancer progression and may potentiate anti-EGFR therapy by inhibition of Akt/mTOR signaling.
INTRODUCTION
Breast cancer is the most commonly diagnosed form of cancer in women 40-55 years of age and is the second cause of cancer deaths (1) . Recent clinical advances have increased cancer survival rates; however, de novo and acquired resistance to therapy is common and contributes to disease relapse (2) . Combination therapies that target several pathways are effective but can have devastating side effects (3;4) . Therefore, developing new strategies for prevention of breast cancer progression and overcoming drug resistance represents a major challenge.
Grape polyphenols are desirable cancer therapeutics with potential for combination therapy. Individual grape polyphenols at high concentrations act as cancer preventives and have antiproliferative, antioxidant, antiangiogenic, antiinvasive, and pro-apoptotic properties (5) . Moreover, grape polyphenols specifically inhibit the growth of breast cancer cells with low cytotoxicity towards normal mammary epithelial cells (6) . These compounds are of particular relevance for gynecological cancers such as breast cancer, since they have been shown to act as selective estrogen receptor (ER) modulators and induce differential gene expression via ERα and ERβ (7) . Grape juice constituents and grape seed extract (GSE) inhibit breast cancer initiation, reduce cancer in rodent models (8) (9) (10) , and have been associated with regulation of Akt and extracellular regulated kinase (ERK) activities (11;12) . However, the molecular mechanisms of grape polyphenols, or their effects on metastasis, are not fully understood.
A growing debate on the cancer-preventive properties of natural compounds is that dietary consumption is insufficient to achieve cancer inhibitory concentrations at target tissues (13) (14) (15) (16) (17) . However, resveratrol, quercetin, and catechins are all considered viable chemopreventives because they are absorbed and metabolized rapidly in vivo and can be detected in plasma and urine samples in the intact form in humans and rodent models (13) (14) (15) (16) (17) (18) .
Resveratrol, quercetin and catechin are usually conjugated to glucoronic acid and sulfate during first-pass metabolism in the intestinal wall or the liver, while a portion of these metabolites can also be methylated (19) (20) (21) . Glucorono-conjugates are hydrolyzed, yielding the aglycone, which is more lipophilic and can remain trapped in the tissues (19;22) . Therefore, although the aglycone forms of resveratrol, quercetin and catechins are rapidly cleared from plasma, they can still be found in considerable amounts in tissues, together with conjugated metabolites (22) . Accordingly, following oral consumption, these polyphenols are found mainly in the serum and urine as glucuronide and sulfate conjugates. In a human study, free polyphenols in the serum accounted for 1.7-1.9% (resveratrol), 1.1 to 6.5% (catechin), and 17.2 to 26.9% (quercetin) while more than 80% was absorbed (23) . Therefore, studies that quantified plasma levels of polyphenols may be underestimating the actual amounts that reach the tissues, and more specifically the site of action. Although, more epidemiological data on the effects of grape polyphenols in humans need to be collected, a study reported that grape consumption was significantly inversely associated with breast cancer risk (24) . However, few studies have documented the effect of grape polyphenols on metastatic breast cancer.
Overexpression of EGFR family members contributes to cancer progression and metastasis, including breast cancer, where 45% of patients have been shown to be EGFR positive (25) . Clinical trials have demonstrated the utility of gefitinib, an EGFR-specific tyrosine kinase inhibitor (26) . However, de novo and acquired resistance to gefitinib treatment is a recurrent problem (27;28) . Some of the early trials on the efficacy of gefitinib in breast cancer were negative or discontinued due to adverse effects or lack of response probably via resistance mechanisms (29) (30) (31) (32) . Therefore, multiple studies have investigated the potential of combination therapies to overcome gefitinib resistance (33) . A number of recent trials have reported the efficacy of gefitinib in combination with other therapeutics for both human epidermal growth factor receptor 2 (HER2) positive and ER positive breast cancers (34) (35) (36) (37) (38) . Grape polyphenols are attractive candidates for potentiation to EGFR therapy because they have been shown to individually inhibit EGFR 1 and 2 (HER2) activities (39;40) and decrease HER2 expression, and to regulate pathways that confer therapy resistance (41) .
In breast cancer, the EGFR targets phosphoinositide 3-kinase (PI3-K)/Akt and mTOR pathways have been shown to be central for malignancy and evasion to gefitinib treatment (42)}. Akt activates mTOR complex 1 (mTORC1), which contains mTOR and regulatory associated protein of mTOR (Raptor), via inhibition of tuberous sclerosis protein (TSC) 2. TSC2 is a GTPase activating protein (GAP) and thus, a negative regulator of Rheb GTPase that activates mTOR (43) . AMPK, a key metabolic sensor of low nutrients and stress, acts disparate to Akt to inhibit mTORC1 via an activating phosphorylation of TSC2 and by direct inhibition of Raptor (44) . Therefore, dual PI3-K/mTOR inhibitors have potential in aggressive cancer therapy (45) . Since combination therapy can have devastating side effects, a safer alternative is the use of dietary compounds, such as grape polyphenols, with low toxicity that can inhibit both pathways (46);20551291;22574221;21300025;21168265}.
We recently reported that a combination of the major polyphenols in grape and red wine, resveratrol, quercetin, and catechin (RQC), at low concentrations, can inhibit proliferation, cell cycle progression, migration, and survival in breast cancer cells; and reduce tumor growth and site-specific metastasis (47;48) . Herein, we show that RQC induces apoptosis and reduces mTOR signaling probably via inhibition of Akt and activation of AMPK in breast cancer and, in combination with gefitinib, can reduce cell proliferation, tumor growth, and metastasis of a gefitinib resistant breast cancer cell line.
MATERIALS AND METHODS

Cell culture
The human metastatic breast cancer cell line MDA-MB-231 (ERα(−), ERβ(+)) expressing green fluorescent protein (GFP) (kind gift of Dr. Danny Welch, The University of Alabama at Birmingham, AL, 2009) (49) was cultured, as described in (47) .
Treatments
Resveratrol, quercetin, and catechin were purchased as 99% pure compounds (LKT Laboratories, St. Paul, MN) and stock solutions made in dimethyl sulfoxide (DMSO) or ethanol. Stock solutions for gefitinib (LC Laboratories, Woburn, MA) were prepared in DMSO.
Caspase 3 activity assay
Apoptosis was determined by analyzing the caspase 3 activity of MDA-MB-231 cell lysates following vehicle (0.2% DMSO) or RQC at 5 μM each for 48 h or 96 h using a Caspase-3 Colorimetric Assay Kit as per manufacturer's instructions (Sigma-Aldrich, St. Louis, MO). Briefly, the p-nitroaniline moiety resulting from caspase 3-mediated hydrolysis of acetylAsp-Glu-Val-Asp p-nitroaniline was detected at 405 nm (ε mM =10.5) after incubating the reaction mixture at 37°C for 22 h.
Antibody arrays
Total protein extracts from MDA-MB-231 cells treated for 48 h or 96 h with vehicle, or 5 μM RQC were incubated overnight with a human apoptosis antibody array (R&D Systems, Minneapolis, MN), as per manufacturer's instructions. Unbound proteins were washed away and the array incubated with a cocktail of biotinylated antibodies that were detected using streptavidin-Horseradish peroxidase chemiluminescent reagents.
Data was analyzed using average integrated density signal (calculated using Image J software) for the two replicates of each antibody. Then, the two sets of data were normalized using a normalization factor calculated as the average signal for positive controls in one data set vs. the other. Fold changes compared to vehicle controls were calculated from averages of 3 biological replicates.
Western blotting
Quiescent MDA-MB-231 cells were treated with vehicle, or 5 μM resveratrol, quercetin, or catechin, or a combination (RQC) at 5 μM each; or 5 μM RQC, 30 μM gefitinib, or a combination of 5 μM RQC and 30 μM gefitinib, for 15 or 30 min. Cells were immediately lysed as in (48) and total protein was quantified using the Precision Red protein assay kit (Cytoskeleton, Inc., Denver, CO). Equal total protein amounts were western blotted using anti-Akt, anti-phospho Akt S473 , anti-AMPKα, anti-phospho AMPKα Thr172 , anti-ribosomal p70 S6 kinase (p70S6K), or anti-phospho p70S6K Thr389 (Cell Signaling Technology, Inc., Danvers, MA) antibodies. The integrated density of positive bands was quantified using Image J software. For the generation of dose response curves and the determination of IC 50 values, data from three independent experiments was pooled and four parameter dose-response curves were fitted using the non-linear regression function of GraphPad Prism®.
Cell viability
MDA
Animals
Hairless severe combined immunodeficiency (SCID) female mice, 5 to 6 wk old (Charles River Laboratories, Inc., Wilmington, MA) were maintained under pathogen-free conditions in Hepa-filtered cages (5 mice per cage) under controlled light (12 h light and dark cycle), temperature (22-24°C), and humidity (25%). The animals received autoclaved AIN 76-A phytoestrogen-free diet (Tek Global, Harlan Teklad, Madison, WI) with 14% protein and 3.5% fat and water ad libitum. All the animal procedures were conducted in a room dedicated to immunocompromised mice at the institution's animal facility. Anesthetized animals were euthanized by cervical dislocation. This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Tumor establishment
GFP-MDA-MB-231 cells (~ 1 × 10 6 ) in Matrigel (BD Biosciences, San Jose, CA) were injected at the fourth right mammary fat pad under isofluorane inhalation (1-3% in air using inhalation chamber or nose cone, at 2 L/min) to produce orthotopic primary tumors as described in (48) . Isofluorane was chosen as the anesthetic agent as it requires minimal animal handling and has a large margin of safety and quick recovery times. After tumor establishment (1wk post-inoculation), the animals from the same litter with similar weight and tumor size were randomly divided into experimental treatment groups (n=10-12 per treatment group).
Diet administration
Mice were orally gavaged either with vehicle for RQC treatment (90% neobee oil, 10% ethanol), vehicle for gefitinib (1% Tween-80 in 1X PBS, pH 7.4), a combination of 5 mg/kg body weight (BW) resveratrol, 5 mg/kg BW quercetin, and 5 mg/kg BW catechin (RQC), or 200 mg/kg BW gefitinib, in a 100 μL volume every other day, 7 days a week. The group receiving both treatments was gavaged one day with 5 mg/kg BW RQC, and the next day with 200 mg/kg BW gefitinib in a 100 μL volume, 7 days a week. Treatments continued until sacrifice at day 84.
Whole body fluorescence image analysis
Mammary tumor growth was quantified as changes in the integrated density of GFP fluorescence, using methods developed by Hoffman and co-workers (50). Mice were imaged one week following breast cancer cell inoculation (on day 1 of diet administration) and once a week thereafter. A 300 Watt power source with two optical delivery systems fitted with excitation filters (470/40 nm) was used for whole body imaging of GFP fluorescence (LT99D2, Lightools Research, Encinitas, CA). Images were captured with a Spot II chargecoupled device (CCD) camera (Diagnostic Instruments, Sterling Heights, MI) mounted with a 530/25 nm emission filter (Chroma Technology, Rockingham, VT).
Tumor fluorescence intensities were analyzed using Image J software (National Institutes of Health, Bethesda, MD). The final images were acquired on day 84. Relative tumor growth was calculated as the integrated density of fluorescence of each tumor on each day of imaging relative to the integrated density of fluorescence of the same tumor on day 1 of diet administration, as described in (47;48) . Tumor growth in vehicle for RQC group was not statistically different than tumor growth in vehicle for gefitinib group. Therefore, the average of both groups was used for data analysis.
Analysis of metastases
Following sacrifice, lungs, kidneys, and livers were excised and immediately stored in liquid N 2 . Stored organs were thawed and analyzed using an Olympus MV10 fluorescence macro zoom system microscope and images acquired with an Olympus DP71 digital camera, as described in (47;48) . Each organ was imaged on both sides. The fluorescent lesions (green component of RGB images) were quantified for integrated density of fluorescent pixels using Image J software.
Statistical analysis
Data are expressed as the mean ± SEM. Statistical analyses were done using Microsoft Excel and GraphPad Prism®. Differences between means were determined using Student's t-Test or one-way ANOVA with Dunnett's Multiple Comparison Test. The Kruskal-Wallis test with Dunn's Multiple Comparison was used for groups that did meet the requirements of normality and/or equal variance for one-way ANOVA. Differences between groups are considered to be statistically significant at p≤0.05.
RESULTS
Effects of combined grape polyphenols on apoptosis and apoptotic signaling proteins
We previously reported that the RQC combination of grape polyphenols was more effective than resveratrol, quercetin, or catechin at inhibiting cancer cell proliferation, cell cycle progression and cell migration using ERα(−), ERβ(+) MDA-MB-231 low metastatic breast cancer cells and ER(−) MDA-MB-435 highly metastatic cancer cells (47;48) . In addition, RQC induced apoptosis of MDA-MB-435 cells (48) . Since RQC treatment at 5 μM each, for 96 h, decreased MDA-MB-231 cell viability by ~80% compared to vehicle controls and caused S phase cell cycle arrest (48), the effect of 5 μM RQC treatment on apoptosis of MDA-MB-231 cells was determined via caspase 3 activity. RQC at 5 μM did not induce apoptosis in 48 h, while treatment with 5 μM RQC for 96 h increased caspase 3 activity by three-fold with a p≤0.05 thus, implicating RQC treatment in apoptosis regulation (Fig. 1A) .
The molecular mechanisms of RQC-induced apoptosis were studied using human apoptotic antibody arrays. Treatment of MDA-MB-231 cells with combined grape polyphenols at 5 μM for 48 h and 96 h resulted in the regulation of a myriad of proteins in the apoptotic signaling cascade (Fig. 1B, Table 1 ). Table 1 summarizes results from western arrays of apoptotic signaling proteins that were significantly regulated by RQC treatment for 48 h and 96 h in three independent experiments. At 48 h, pro-survival proteins such as cellular inhibitor of apoptosis protein 1 (cIAP-1) and survivin were decreased with no change in caspase 3 activity, indicating that regulation of expression of apoptosis inhibitors precedes induction of apoptosis by RQC. At 96 h, a significant increase in cleaved caspase 3 and FAS ligand and its receptor was observed, correlative to RQC-increased caspase 3 activity (Fig.  1, Table 1 ). These results indicate a potential death receptor-mediated regulation of apoptosis by RQC. The observed decrease in Hemeoxygenase 1 (HO-1) levels by RQC is in contrast to reports of quercetin upregulating HO-1 in response to oxidant stress in normal cells (51) . However, since our study was conducted with aggressive cancer cells in an oxidant stress-free environment, this result may reflect a cancer cell-specific effect or a combination effect of RQC.
Effects of RQC on regulation of the mTOR pathway
To further investigate the molecular mechanisms by which RQC reduces breast cancer cell survival, we determined the effect of RQC on PI3-K/Akt signaling by determining the activation status, i.e. phosphorylation levels, of Akt. Akt is phosphorylated and activated by phosphoinositide-dependent kinase when phosphatidylinositol 3,4,5-trisphosphate (PIP3) levels are increased due to PI3-K activity. In MDA-MB-231 cells, 5 μM treatment with individual quercetin or RQC for 15 min resulted in a ~50% inhibition of Akt activity without affecting total Akt expression ( Fig. 2A) . Treatment with 5 μM RQC for 15 min also decreased Akt activity significantly in MDA-MB-435 cells (data not shown).
We previously reported that combined RQC was more efficient than individual compounds at inhibiting breast cancer cell proliferation and cell cycle progression (47;48) . Therefore, RQC is expected to inhibit breast cancer progression via additional molecular mechanisms. The activities of AMPK, a negative regulator of mTOR, and mTOR were determined by western blot analysis of total and phosphorylated AMPK and p70S6K, a direct downstream effector of mTOR. Treatment with 5 μM each resveratrol, quercetin, or catechin did not significantly affect AMPK activity of MDA-MB-231 cells. However, combined RQC treatment significantly increased AMPK activity by ~1.75-fold (Fig. 2B) . Finally, treatment of MDA-MB-231 cells with 5 μM quercetin or RQC resulted in a ~50% significant decrease in p70S6K phosphorylation, while resveratrol or catechin alone did not affect p70S6K phosphorylation (Fig. 2C) .
Potential of RQC as a potentiation agent for gefitinib in vitro
Since RQC inhibited Akt/mTOR signaling, a common pathway upregulated during therapy resistance, the potential of RQC to act as a potentiation agent for gefitinib, an EGFR inhibitor, was characterized. The MDA-MB-231 breast cancer cell line overexpresses EGFR and is intrinsically resistant to gefitinib, with a >10 μM IC 50 (52) . As shown in Fig. 3 , the number of viable MDA-MB-231 cells in response to various concentrations of RQC, gefitinib, or RQC and gefitinib in combination was determined following 48 h treatment. The IC 50 for inhibition of cell number by gefitinib was 24 μM and 2.4 μM for RQC (Fig.  3A, B) . The gefitinib response plateaued at 50% up to 50 μM gefitinib. Neither treatment resulted in 100% cell death, which is expected for cancer cells that have multiple mechanisms for evading cell death.
In combination, the concentrations of gefitinib and RQC required to give a ~50% inhibition was 30 μM and 1.67 μM respectively (Fig. 3C) . A similar effect was observed by the combination of 10 μM gefitinib and 5 μM RQC. The combination of RQC and gefitinib that exerted a maximum effect on cell viability was 5 μM RQC and 30 μM gefitinib (Fig. 3C) . At these concentrations, combined RQC and gefitinib treatments resulted in a 65% significant decrease in cell number, while individual 5 μM RQC or 30 μM gefitinib demonstrated a 45% significant decrease in cell viability (Fig. 3D) . These results suggest that a combination of RQC and gefitinib confers an advantage over individual RQC or gefitinib.
To further evaluate the potential of RQC as a potentiation agent for gefitinib, the activation of Akt, AMPK, and p70S6K were determined in MDA-MB-231 cells treated with individual or combined 5 μM RQC and 30 μM gefitinib (Fig. 4) . Gefitinib (30 μM) alone reduced Akt activity following 15 min or 30 min by ~40 and ~50% respectively (Fig. 4A, D) . However, this change was not statistically significant. RQC alone or combined 5 μM RQC and 30 μM gefitinib for 15 or 30 min decreased Akt activity significantly by ~50-75%. As expected, 5 μM RQC alone or in combination with gefitinib at 15 and 30 min increased AMPK activity of MDA-MB-231 cells by ~1.75-2-fold in a statistically significant manner (Fig. 4B, E) . Although 30 μM gefitinib for 15 min did not affect AMPK activity; at 30 min, gefitinib showed a moderate increase in AMPK activity. Finally, the phosphorylation status of mTOR's downstream effector p70S6K was determined by western blot analysis following individual or combined RQC and gefitinib treatment. Treatment with RQC alone or in combination with gefitinib for 15 or 30 min resulted in a significant decrease of ~50% in p70S6K activity, while gefitinib alone had no effect (Fig. 4C, F) .
Potential of RQC as a potentiation agent for gefitinib in vivo
The efficacy of RQC to potentiate effects of gefitinib in vivo was tested in SCID mice. Mammary fat pad tumors from GFP-MDA-MB-231 breast cancer cells were established as previously described (48) . One week following tumor establishment, mice (10-12 mice/ group) were gavaged with vehicle, 5 mg/kg BW RQC, or 200 mg/kg BW gefitinib every other day, or with combined 5 mg/kg BW RQC and 200 mg/kg BW for 84 days. The RQC concentration was based on our previous studies where 5 mg/kg BW RQC caused significant inhibition of mammary tumor growth and metastasis to bone and liver in nude mice (47;48) . The concentration of gefitinib was based on previous studies where 100-200 mg/kg BW gefitinib was orally gavaged to mice, up to 100 days with no toxic effects (53;54) . In the present study, administration of RQC alone for 84 days did not significantly affect the average weight of mice compared to controls. However, gefitinib at 200 mg/kg BW demonstrated a 20% significant decrease and the combination treatment caused a 15% significant decrease in average weight (supplemental data, Fig. 1 ). As shown in Fig. 5A , B, tumor growth was significantly inhibited in mice treated with RQC and gefitinib, whereas treatment with individual RQC or gefitinib showed no reduction in tumor size.
The effect of RQC and gefitinib on metastasis was investigated by fluorescence image analysis of excised organs. As was shown previously by us, in a nude mouse model of metastatic cancer (48), treatment with RQC did not affect the incidence of lung metastases but reduced liver and kidney metastases (Fig. 5C, D) . Gefitinib alone reduced lung metastases by 50%; however, this reduction was not statistically significant compared to controls. Combined RQC and gefitinib inhibited metastases to the lung by 97% in a statistically significant manner (Fig. 5C ). In combined RQC+geftinib treated mice, only 40% presented with lung metastases and the average integrated density of metastatic foci was 0.03 compared to ~1.0 for vehicle controls, where 80% of mice presented with lung metastases. The number and integrated density of liver and kidney metastases followed a similar trend but was not statistically significant compared to vehicle controls. RQC treatment alone resulted in a 50% reduction in liver metastases, while gefitinib inhibited metastases by 70% and the combined treatment demonstrated a 90% inhibition compared to controls. Similarly, although a majority of the kidneys from all groups did not present with metastases, metastases to this organ were reduced by 99% following the combined RQC and gefitinib treatment (Fig. 5D) . Overall, these results suggest that RQC has the potential to sensitize EGFR therapy-resistant breast cancers to EGFR-targeted therapeutics.
DISCUSSION
Most studies on cancer preventive effects of grape polyphenols use individual compounds at high concentrations or combinations such as grape seed extract, or red wine extract in the proportions that exist naturally. Our studies are unique in using an equimolar combination of resveratrol, quercetin, and catechin (RQC) at low concentrations within the range of 0.1-10 μM that may be accumulated in the circulation following consumption of grape products (15;18;55;56) . However, caution must be used with interpretation of in vitro data because the compounds that were added to the tissue culture cells are relatively stable in their aglycone forms compared to the dietary polyphenols that are conjugated to glucoronic acid and sulfate during metabolism (19) (20) (21) . Nevertheless, although the unmodified forms of resveratrol, quercetin and catechins are found in minimal amounts in plasma, they are found in substantial amounts in tissues (22) , and may be available at the sites of action in the aglycone form.
Herein, we have characterized the molecular mechanisms and efficacy of RQC to potentiate metastatic breast cancer cells to current anti-EGFR therapy. The inhibitory effects of RQC on breast cancer may be due to reduced cell survival and induction of cell cycle arrest and apoptosis. The RQC-mediated regulation of PI3-K/Akt/mTOR signaling was investigated because this pathway is central to multiple cellular processes of tumorigenesis and development of gefitinib resistance in breast cancer cells (42) . For these experiments we studied the effects of short term RQC treatment (15 min) on important phosphorylation events within the PI3K/Akt/mTOR pathway. The 15 min phosphorylation times were selected to reflect rapid signaling events. Regulation of Akt and mTOR signaling by RQC is expected to eventually result in decreased cell survival, cell viability, and cell cycle progression at longer times.
Our results show that individual quercetin is as effective as RQC at reducing Akt activity. This observation suggests that only quercetin, which is a direct inhibitor of PI3-K that has been shown to inhibit Akt activity in breast cancer (57) (58) (59) , is responsible for RQC effects on Akt activity.
We also investigated a role for AMPK, a negative regulator of the mTOR pathway, in RQCmediated regulation of mTOR signaling. AMPK is a target of the anti-diabetic drug Metformin, which has been associated with decreased cancer incidence in epidemiological studies and with direct inhibition of cancer cell and tumor growth (60) . Metformin has been implicated in chemosensitization to diverse anti-cancer agents through activation of AMPK and the subsequent inhibition of the mTOR pathway (61) . Several studies have shown that induction of AMPK activity might be another mechanism through which resveratrol and quercetin inhibit cancer cell growth (62) . Both Akt and AMPK regulate mTOR signaling via disparate regulation of TSC2, a negative regulator of mTOR (43;44) . Although resveratrol or quercetin at high concentrations (50-200 μM) increase AMPK activity (63;64); in our studies, individual resveratrol, quercetin, or catechin at 5 μM did not affect phospho AMPK T172 levels significantly. Conversely, the RQC combination significantly increased AMPK phosphorylation by ~1.75 fold. This result supports our previous reports of RQC being more effective than individual polyphenols (47;48) . AMPK is known to affect lipid metabolism by inhibiting acetyl-CoA carboxylase (ACC), which provides the malonyl-CoA substrate for fatty acid biosynthesis. Accordingly, we have found that RQC inhibits ACC by increased phosphorylation (supplemental data, Fig. 2 ), indicating that RQC activation of AMPK regulates mechanisms other than mTOR signaling. Other effects of AMPK on autophagy and protein synthesis inhibition via phosphorylation of eukaryotic elongation factor 2 kinase (65) may also contribute to RQC effects on cancer, and will be the subject of future studies.
Interestingly, a parallel pattern of Akt and p70S6K inhibition was observed for individual quercetin and combined RQC; while AMPK activation showed a different behavior. In the same breast cancer cell line, Akt and p70S6K were inhibited by quercetin and combined RQC, whereas AMPK was only activated by RQC. The decrease in Akt and p70S6K phosphorylation by RQC might be entirely due to the action of quercetin; suggesting quercetin alone is sufficient to inhibit the Akt/mTOR signaling axis. However, in our previous publications we have shown the RQC combination to be more effective than the individual polyphenols at inhibiting cell proliferation, cell cycle progression, and cell migration (47;48) . These previous findings and the fact that combined RQC and not individual quercetin induced AMPK activity support an enhanced effect by RQC when compared to the individual polyphenols. Since p70S6K activity is directly under mTORC1 regulation, it is possible that quercetin is directly affecting mTORC1 kinase activity, while the RQC combination has multiple effects on other signaling nodes. Moreover, the effect of RQC on p70S6K activity may also be via inhibition of mitogen activated protein kinase (MAPK) activity since the Ras/ ERK pathway has been shown to affect p70S6K activity (66) . Nevertheless, we found no significant effects of RQC on ERK, or the activities of other MAPKs p38 and c-Jun N-terminal kinase (JNK) (supplemental data, Fig. 3 ). Taken together, these results suggest a complex mode of regulation of mTOR signaling by RQC.
EGFR is a key mediator of cancer progression and metastasis, thus representing an excellent target for cancer therapy. Gefitinib is a low molecular weight tyrosine kinase inhibitor with high specificity towards EGFR and therapeutic promise for the treatment of numerous human cancers; however, resistance to gefitinib greatly impairs its effectiveness in the clinic. In breast cancer, ERK/mitogen activated protein kinase kinase (MEK), PI3-K/Akt, and mTOR pathways have been shown to be relevant for evasion to gefitinib treatment (42) . Since the current approaches of combination therapies to overcome drug resistance often result in severe toxicity, the RQC formulation of natural non-toxic grape polyphenols was tested for its ability to potentiate the anticancer effects of gefitinib.
We show that RQC alone or in combination with gefitinib can reduce breast cancer cell viability and Akt/mTOR signaling. Gefitinib does not affect RQC-mediated regulation of Akt, AMPK, and p70S6K. Since up-regulation of PI3-K/Akt/mTOR is known to be involved in drug resistance, these results further implicate RQC as a potentiation agent for gefitinib. Interestingly, 30 min treatment with gefitinib alone did not affect p70S6K activity; however, at this time point, gefitinib moderately inhibits Akt and increases AMPK activity. This result suggests that resistance to gefitinib in MDA-MB-231 cells may be downstream of mTOR signaling at the p70S6K level, possibly via activation of MAPK or other gefitinib-insensitive p70S6K activators.
Herein, we tested the aglycone forms of resveratrol, quercetin, and catechin on cancer cells, and by oral administration to mice. A number of studies have reported low levels of resveratrol and quercetin in the serum and plasma of rodents following dietary administration (16;17;67) , However, the in vivo concentrations of dietary grape polyphenols depend on their bioavailability at the site of action, which may not be reflected by the levels in plasma or urine (23) .
Our in vivo study demonstrates that RQC can potentiate the effect of gefitinib in resistant breast cancers, as shown by the significant inhibition in tumor growth induced by RQC and gefitinib combined treatment. Although we have previously reported RQC at 5 mg/kg BW to significantly reduce tumor growth in nude mice bearing MDA-MB-231 and MDA-MB-435 tumor xenografts (47;48), RQC alone did not affect mammary fat pad tumor growth in the present study. This discrepancy may be accounted for by the differences in the experimental designs. In the previous study, MDA-MB-231 xenografts were implanted in nude mice as equal-size tumor slices from previously established tumors. In addition, the RQC treatments were administrated 1 day following xenograft implantation. Moreover, the RQC polyphenols were dissolved in 90% corn oil:10% ethanol. In the present study, MDA-MB-231 cells in 50% Matrigel were inoculated directly at the mammary fat pad of SCID mice, treatments were started after tumor establishment (one week after breast cancer cell inoculation), and polyphenols were dissolved in 90% neobee oil:10% ethanol. Therefore, the difference in mouse species (athymic nude mice vs. T-and B-cell deficient SCID mice), establishment of xenografts vs. cells (a xenograft represents a more established solid tumor compared to cells in Matrigel), time of compound administration, and relative solubility of the polyphenols in corn oil vs. neobee oil may account for these observed differences in RQC responses.
Regardless, in this study, we show the potential of RQC to inhibit breast cancer progression in the presence of gefitinib; and thus, potentiate anti-EGFR therapy. In mice with an average bodyweight of 20 g, the concentrations of grape polyphenols used in this study, 5 mg/kg BW of each compound in a 100 μL gavage volume, equates to 4.38 μM resveratrol, 3.3 μM quercetin, and 3.48 μM catechin. These concentrations are found in dietary components rich in grape polyphenols such as red wine (68;69) . Therefore, the 5 mg/kg BW combined polyphenols that potentiated the effects of gefitinib and reduced mammary tumor growth in this study and our previous reports (47;48) should be effective at the cellular level at these low concentrations. Additionally, RQC treatment may have a slight protective effect on gefitinib toxicity because the combined treatment did not decrease mouse weights to the same extent as gefitinib alone.
Our data demonstrating that combined RQC and gefitinib therapy causes a dramatic and significant reduction in lung metastases is noteworthy because lung cancer is the leading cause of death from cancer in the United States and breast cancer mortality is usually due to metastasis to lung and other distant organs (1). We also found a trend in reduced kidney and liver metastases with combined RQC and gefitinib treatment. Interestingly, gefitinib alone at 200 mg/kg BW caused a reduction in metastasis. This result indicates the utility of continuing gefitinib therapy in patients whose primary tumors are no longer responsive. 
